Abstract. Telomerase-targeted treatments for cancer have received a great deal of attention because telomerase is detected in nearly all cancer cells but is not expressed in most normal tissues. Aneuploidy refers to a chromosome number that is not a multiple of the base chromosome number and can indicate either hypo-or hyperploid chromosome numbers. Most solid tumors are aneuploid. In the present study, we sought to determine whether there are differences in telomerase activity and hTERT gene expression between aneuploid and euploid cells. Furthermore, we investigated telomerase inhibitor 3'-azido-3'-deoxythymidine (AZT)-induced cell apoptosis using the p53-Puma/Noxa/Bax pathway and cell cycle arrest using the p53-p21 pathway in both aneuploid and euploid cells. Our results demonstrate that telomerase activity and hTERT gene expression were higher in aneuploid than in euploid cells. In addition, AZT exerted time-and dose-dependent cytotoxic effects on both aneuploid and euploid cells, and aneuploid cells were more sensitive to AZT-induced cytotoxicity. In addition, both the p53-Puma/Noxa/Bax pathway and the cell cycle arrest-associated p53-p21 pathway were involved in the AZT-induced suppression of tumor cells. Importantly, aneuploid cells were more sensitive to AZT-induced cell cycle arrest (p53-p21) and DNA double-strand breaks (γ-H2AX), while euploid cells were more sensitive to AZT-induced apoptosis (p53-Puma/Bax/Noxa).
Introduction
Telomeres are linear structures that are located at the end of eukaryotic chromosomes performing important functions during chromosome integration and stability (1, 2) . In somatic cells, which lack telomerase, the length of a telomere is constantly being shortened by the process of cell replication. Telomerase, a ribonucleoprotein enzyme that is comprised of telomerase reverse transcriptase (hTERT) and an RNA subunit (TERC) in addition to other proteins that control telomerase activity to prevent telomere shortening (3, 4) . It has been confirmed that hTERT overexpression plays a key role in the initiation of unlimited proliferation during oncogenesis and that introducing hTERT into epithelial cells and fibroblasts conferred infinite replicative potential (5) (6) (7) . Moreover, overexpressing hTERT has been shown to be associated with advanced invasive tumor progression and worse prognoses (8) (9) (10) . Currently available data demonstrate that >90% of malignant tumors express high levels of telomerase activity, while normal and benign tissues do not with the exception of lymphoid cells, hematopoietic cells and germ cells, which possess proliferative potential (11, 12) . These data indicate that telomerase might be useful as a molecular marker of tumors in a wide range of applications.
A primary phenotype of cancer is aneuploidy (13) (14) (15) (16) . Aneuploidy refers to any deviation from a normal number of chromosomes that results from a whole-chromosome gain or loss in a cell. Aneuploidy is generally caused by mitotic errors that occur as a result of a deficiency in one of the mechanisms, such as the spindle assembly checkpoint (SAC) (17) (18) (19) , that are involved in ensuring that chromosomes segregate correctly. In humans, aneuploidy is harmful because it can cause some congenital malformation syndromes, spontaneous abortion and stillbirth. More than 90% of solid tumors and 50% of blood tumors are aneuploid (20) . Although aneuploidy is observed in most human cancers, the functional roles of aneuploidy during tumor formation remain poorly understood. In mice and humans, a majority of autosomal trisomies and monosomies are detrimental to organismal survival (21) , and it has been demonstrated that aneuploidy blocks cellular proliferation, spontaneous immortalization and survival (22) . In contrast, because of its passive effects on cell immortalization and viability, aneuploidy is a hallmark of cancer cells (13) . A recent bioinformatics analysis showed that the number of genes that can prompt tumorigenesis is higher than was previously thought and that aneuploidy may contribute to the development of the complexity of tumor genomics that affect multiple tumor-driving genes (23) . Genetic studies performed using mouse models have provided experimentally based evidence showing that mutations in genes that regulate chromosome segregation initiate carcinogenesis by inducing the loss of heterozygosity (24) . However, the influence of this loss on tumorigenesis is context-dependent, and aneuploidy was found to repress carcinogenesis in some mouse strains (25) . Studies performed in yeast have identified genes that affect cell survival in the presence of aneuploidy. The survival factors associated with aneuploidy in human cells in addition to their functions in cancer formation remain to be determined. It was previously shown that the survival of aneuploid cells is limited by ATM/p53-dependent DNA damage checkpoints (26) . Telomerase was found to function as an aneuploidy-associated survival factor that abrogated aneuploidy-induced DNA damage responses, premature senescence and cell depletion by alleviating telomere replication stress (27) . Telomerase-targeted therapies for tumors is receiving an increasing amount of attention, but substantial progress toward a clinical treatment involving telomerase has not been achieved. Azido-deoxythymidine (AZT) is a type of nucleoside analogue that is approved by the Food and Drug Administration to treat acquired immune deficiency syndrome (AIDS). AZT inhibits DNA double-strand formation by destroying the RNA reverse transcriptional ability of the virus, which results in the loss of the replication template and a consequential decrease in the replication rate (28) (29) (30) (31) . AZT has been shown to inhibit telomerase activity in a variety of cancer cells, including colon, human brain glioma and liver cancer cells (32) (33) (34) .
It is clear that telomerase and aneuploidy play important roles in tumor development. In the present study, we demonstrate that telomerase activity and the expression of hTERT were higher in aneuploid than in euploid cells. In addition, we found that the telomerase inhibitor AZT inhibited cell proliferation and induced apoptosis and cell cycle arrest in both aneuploid and euploid cells via the downregulation of hTERT gene expression.
Materials and methods

Cell lines and lentiviral transduction.
The human colorectal cancer cell line HCT116 was obtained from the Institute of Basic Medical Sciences, Subei Peoples' Hospital. To generate HCT116-shRNA-MAD2 cells, a short-hairpin RNA (shRNA) that targeted human MAD2 was cloned into the pInducer10-MirRP lentiviral vector. The shRNA-containing plasmid was then packaged in lentiviral particles at the Vector Core. LentiPuroEMPTY-VSVG was used as the background control. A total of 1x10 6 cells/10-cm plate were transduced for 48 h with cell supernatant containing a lentivirus that was diluted in fresh serum-free medium at a ratio of 1:1. Stable cells were selected by incubating the cells with 10 µg/ml puromycin at 37˚C for 3 weeks. The cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco, Carlsbad, CA, USA) supplemented with 10% FBS (Sigma-Aldrich, St. Louis, MO, USA), 100 IU/ml penicillin-streptomycin and 2 µmM L-glutamine at 37˚C in a humidified atmosphere containing 5% CO 2 .
The formation of aneuploidy. We used a doxycycline-induced program to conditionally knock down MAD2, resulting in HCT116-shRNA-MAD2 cells. The HCT116-shRNA-MAD2 cells were divided into two groups: one group was cultured in 0.2 µg/ml doxycycline-supplemented medium for 16 h (referred to as Dox (+) or aneuploid cells) to conditionally knock down MAD2 (HCT116-shRNA-MAD2 cells), and the other group was cultured in non-doxycycline medium and used as the control group (referred to as Dox (-) or euploid cells). HCT116 is a human colorectal cancer cell line that is chromosomal number-stable and has a near diploid karyotype.
Metaphase spreads. At 11 days after the doxycycline washout was performed, cells at 70~80% confluency were treated with 80 ng/ml of the mitotic inhibitor nocodazole (SigmaAldrich) and 10 µM of the protease inhibitor MG132 (Selleck Chemicals, Houston, TX, USA) and then incubated for 6 h at 37˚C. The cells were then treated with a hypotonic solution (0.01 M sodium citrate and 0.03 M KCl) at 37˚C for 15-20 min and fixed 3 times in Carnoy's fixative (methanol:acetic acid, 3:1) that was pre-cooled on ice. The cells were subsequently spread on glass slides that were pre-cooled at -20˚C. Metaphase cells were stained using Giemsa (Beijing Solarbio Science and Technology Co., Ltd., Beijing, China), and chromosomes were counted under a fluorescence microscope for the chromosome counting analysis. Cells with any number of chromosomes other than 45 or 46 were defined as aneuploidy [the chromosome karyotype of the HCT116 cell line showed that the stem line chromosome number is near diploid with a modal number of 45 (62%) and polyploid at 46 (6.8%) according to the ATCC].
Western blot analysis. Total proteins were extracted using cell lysis buffer from cells placed on ice and then quantified using a Bradford protein assay. Equal amounts of cellular proteins (60 µg) were separated using 10% sodium dodecyl sulfate (SDS)-PAGE according to the manufacturer's instructions (Beyotime Institute of Biotechnology, Shanghai, China). The resolved proteins were then transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were incubated in 5% fat-free milk or 5% BSA in 1X TBS containing 0.1% Tween-20 (TBST) at room temperature for 2 h and then probed with the following specific primary antibodies: MAD2L1, AF4005 (1:200, R&D Systems, Minneapolis, MN, USA), α-tubulin (1:2,000, Vazyme Biotech Co., Ltd., Nanjing, China), Puma, ABC158 (1:1,000; Millipore), Bax, AB2915 (1:1,500; Millipore), p21, MABE325 (1:1,000; Millipore), γ-H2AX, or 05-636, (1:400; Millipore) overnight at 4˚C. After the membranes were washed 3 times with 1X TBST, they were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:3,000; Millipore) at room temperature for 90 min. Reactive bands were visualized using a chemiluminescence detection system and analyzed using Image Lab software.
Telomerase activity. Telomerase activity of cells was quantified using a TeloTAGGG Telomerase PCR ELISA kit (Roche Diagnostics GmbH, Mannheim, Germany) and a process called Telomeric Repeat Amplification Protocol (TRAP) based on the protocol described by Kim et al (35) . A total of 2.5x10 3 cells were harvested from each sample for the PCR reactions. The negative controls samples were heat-treated for 5 min at 95˚C to inactivate telomerase activity. The positive control was provided by the kit. The following PCR program was run in a Thermal cycler: one cycle of 25˚C for 20 min and 94˚C for 5 min, 30 cycles of 94˚C for 30 sec, 50˚C for 30 sec, and 72˚C for 90 sec and one cycle of 72˚C for 10 min. The PCR products were subsequently analyzed using ELISA, and telomerase activity was obtained by determining the absorbance at 450 nm (with a reference wavelength of 690 nm). The relative telomerase activities (RTA) of various samples were determined using the following formula: RTA = [(AS-AS,0)/ AS,IS/]/[(ATS8-ATS8,0)/ATS8,IS] x 100, where AS, absorbance of the sample; AS,0, absorbance of the heat-treated sample; AS,IS, absorbance of the Internal Standard sample; ATS8, absorbance of the control template; ATS8,0, absorbance of the lysis buffer; and ATS8,IS, absorbance of the Internal Standard control template.
Cell viability measured by CCK-8 assay.
To investigate the effect of AZT (Sigma-Aldrich) on cell viability, both groups of cells were subjected to CCK-8 assays. Briefly, the cells were seeded in 96-well culture plates at 4x10 3 cells/well and treated with one of a variety of concentrations of AZT (i.e., 0, 100, 200, 250, 500 or 1,000 µM) for one of the following incubation times: 24, 48 and 72 h. The cell suspension was then exchanged for fresh medium, and the cells were incubated with 10 µl of CCK-8 solution (Invitrogen, Carlsbad, CA, USA) at 37˚C for 4 h. Absorbance was measured at 450 nm using an ELISA reader. All experiments were performed 3 times including 5 replicates for each sample.
Reverse transcription (RT)-PCR.
Total RNA was extracted from cultured cells using TRIzol (Invitrogen). cDNA was obtained using an ABI7300 real-time PCR system with SYBRGreen PCR Master Mix (Vazyme Biotech). The primers used in these experiments are listed in Table I . The following cycling program was used: one cycle at 95˚C for 5 min, 40 cycles at 95˚C for 10 sec, 60˚C for 30 sec, 95˚C for 15 sec, 60˚C for 60 sec and 95˚C for 15 sec. The samples were then held at 4˚C until retrieved. The relative level of RNA was normalized to that of GAPDH using the 2 -ΔΔCt method.
Data analysis. All statistical analyses were performed using SPSS 18.0 for Windows 10 (SPSS, Inc., Chicago, IL, USA). Two-way ANOVA with a Bonferroni post hoc test was used for multiple comparisons of two groups, as indicated. The expression of hTERT and telomerase activity were evaluated in the groups using two-tailed Student's t-tests. The data are represented as the mean ± standard deviation of the mean. A P<0.05 was defined as statistically significant.
Results
In aneuploid cells, hTERT gene expression and telomerase activity gradually increased after doxycycline washout.
Telomerase regulation occurs mainly at the level of hTERT transcription. We sought to investigate the alterations in hTERT gene expression and telomerase activity that occurred in aneuploid cells in response to doxycycline washout. At 6, 8 and 11 days after doxycycline washout, there was a gradual increase in hTERT gene expression and telomerase activity in aneuploid cells, and this increase peaked at 11 days after doxycycline washout (1.46-fold vs. euploid cells; P<0.05), as shown 
in Fig. 1A . Telomerase activity peaked at 11 days after doxycycline washout (2.79 vs. 4.26 in euploid and aneuploid cells, respectively; P<0.05), as shown in Fig. 1B . Taken together, we found that hTERT gene expression and telomerase activity were higher in aneuploid cells than in euploid cells. Because we found that the differences in hTERT gene expression and telomerase activity between aneuploid and euploid cells were most obvious at 11 days, this time-point was used in the following tests.
The rate of aneuploidy following MAD2 knockdown. At 11 days after doxycycline washout, a karyotyping analysis of Dox (+) and Dox (-) groups was performed using metaphase spreads. As shown in Table II , the rate of aneuploidy was 112 out of 150 (74.67%) in the Dox (+) group and 10 out of 150 (6.67%) in the Dox (-) group. We next evaluated MAD2L1 protein expression in the Dox (+) and Dox (-) groups at 2, 5, and 11 days after doxycycline washout. Western blot analysis demonstrated that the protein level of MAD2L1 in aneuploid cells had decreased at day 2, had gradually increased at day 5, and had recovered to normal at day 11 after doxycycline washout. The fact that MAD2L1 protein levels had recovered to normal at day 11 after washout demonstrated that Dox (+) cells are capable of proliferating at 11 days after doxycycline washout, as shown in Fig. 2 .
AZT inhibits cell proliferation in Dox (+) and Dox (-) cells.
The effect of different concentrations of AZT on cell viability Table II . The karyotyping analysis of euploid and aneuploid group cells. 
Chromosome numbers of indicated karyotype Percentage of -----------------------------------------------------------------------------------------------------------------------------------------------------------------------
Effects of AZT on the roles of Puma, Bax, Noxa and p21 in Dox (+) and Dox (-) cells.
To determine the effect of AZT on apoptosis in the two groups of cells, we first used RT-PCR to detect the mRNA expression levels of p53-targeted genes (Puma, Bax, Noxa and p21). We found that these genes were positively regulated by p53 and played pro-apoptotic roles. The mRNA levels of these genes were upregulated in a dosedependent manner following exposure to 100 or 250 M AZT for 72 h, as shown in euploid cells were more sensitive than the aneuploid cells to the induction of the p53-Puma/Bax/Noxa pathways during AZT-induced apoptosis and that the aneuploid cells were more sensitive than the euploid cells to the induction of the p53-p21 pathways during AZT-induced cell cycle arrest.
Effects of AZT on the roles of the Puma, Bax, p21 and γ-H2AX
proteins in aneuploid and euploid cells. Puma proteins are pro-apoptotic participants in the Bcl-2 family that could impact the levels of apoptosis-related proteins (36) . Cell cycle arrest occurs in G1 phase when the p53-p21-cip1 pathway is activated (37) . The phosphorylation of the H2AX histone (γ-H2AX, phosphorylated histone H2AX on serine 139) is an early indicator of DNA double-strand breaks (DSBs). We therefore determined the protein level of the pro-apoptosis proteins Puma and Bax, the cell cycle-arrest protein p21, and the DNA double-strand break protein γ-H2AX using western blot analysis. As shown in Fig. 6 , the Puma, Bax, p21 and γ-H2AX proteins were upregulated in a dose-dependent manner following exposure to 100 and 250 µM AZT for 72 h in the Dox (-) cells. In the Dox (+) cells, p21 and γ-H2AX were upregulated in a dose-dependent manner following exposure to 100 and 250 µM AZT for 72 h. However, Puma and Bax levels were not altered. The relative protein levels of p21 and γ-H2AX in cells exposed to 0, 100 and 250 µM AZT were 1:2.23:3.94 and 1:1.97:3.43 in the Dox (-) cells and 1:2.93:5.32 and 1:3.02:5.91 in the Dox (+) cells, respectively. There was a significant difference in the levels of the p21 and γ-H2AX proteins between the two groups of cells following exposure to 0, 100 and 250 µM AZT (P<0.05). AZT upregulated the level of Puma, Bax, p21 and γ-H2AX in the Dox (-) cells and upregulated the levels of p21 and γ-H2AX in the Dox (+) cells.
Collectively, these findings demonstrate that the aneuploid cells were more sensitive than the euploid cells to AZT-induced cell cycle arrest (indicated by p53-p21 levels) and DNA doublestrand breaks (indicated by γ-H2AX levels), whereas euploid cells were more sensitive than aneuploid cells to AZT-induced apoptosis (indicated by p53-Puma/Bax/Noxa levels).
Discussion
The relationship between aneuploidy and tumorigenesis has long been recognized (38) . Some authors have suggested that aneuploidy simply represents a side-effect of the course of tumor formation, while others have argued that aneuploidy is associated with oncogenic transformation. Studies of certain aneuploidy karyotypes performed in mouse models of chromosomal instability have suggested that aneuploidy can either promote or inhibit tumorigenesis. Mouse trisomy for chromosome 16 is resistant to adenomatous polyposis coli (APC)-induced colon cancer (39) . Humans with chromosome 21 trisomy are less likely to develop tumors than euploid individuals (40) . In contrast, trisomy 8 appears to increase the risk of hematopoietic malignancies. In total, 5% of all cases of acute lymphoblastic leukemia (ALL), 10-15% of all cases of acute myeloid leukemia (AML) and 25% of all cases of chronic myeloid leukemia (CML) have an extra copy of chromosome 8 (39, 41) . It has been suggested that a low frequency of chromosome mis-segregation accelerates tumorigenesis by increasing the likelihood of producing a tumorigenesis-promoting karyotype. When the rate of chromosome mis-segregation is too high, tumor cells cannot survive with these types of tumorpromoting karyotypes. Instead, cells with inviable karyotypes are constantly produced, resulting in cell death and, consequentially, tumor repression (42) .
Chromosome mis-segregation can lead to aneuploidy. The currently available data suggest that a series of biochemical pathways enable the faithful segregation of sister chromosomes, and malfunctions in these pathways can cause chromosomal mis-segregation, for example, by disrupting the spindle assembly checkpoint, inducing centrosome abnormalities, altering microtubule-kinetochore dynamics, or causing defects in chromosome cohesion (17) . Short hairpin RNAs (shRNAs) against GJB3, RXFP1, OSBPL3 and STARD9 were introduced into BJ and IMR90 fibroblast cell lines as per Meena et al to induce aneuploidy (27) . These 4 candidate genes are directly associated with ploidy-affecting pathways (27) . For example, Li et al (26) knocked down MAD2L1 using siRNA to produce aneuploidy. In the present study, we used a MAD21-targeting shRNA to generate an inducible expression system that was triggered by doxycycline. MAD2L1 is a component of the SAC that is necessary for proper sister chromatid segregation. Defects in MAD2L1 can cause chromosome mis-segregation, leading to the formation of aneuploidy (17) .
p53 is well-known for its role as the guardian of the genome. It also plays a pivotal role in suppressing tumorigenesis (43) . Our experimental data demonstrate that two p53-dependent pathways play pivotal roles in this process, as shown in Fig. 7 . We first showed that the DNA damage caused by AZT in aneuploid and euploid cells is capable of inducing the expression of the p53-Puma/Bax/Noxa pathways, ultimately leading to cellular apoptosis. Second, p21 is widely accepted as a transcriptional target of p53. Our data clearly indicate that the p53-p21 pathway is linked to AZT-induced cell cycle arrest. We found that aneuploid cells were more sensitive to AZT-induced cell cycle arrest (p53-p21) and DNA double-strand breaks (γ-H2AX), while euploid cells were more sensitive to AZT-induced apoptosis (p53-Puma/Bax/Noxa). It has previously been shown that aneuploidy plays dual roles in promoting or inhibiting the process of tumor formation and that specific aneuploidy karyotypes promote tumorigenesis. A doxycycline strategy was utilized to disrupt SAC function and therefore trigger aneuploidy in cells. Aneuploid cells exhibited a high rate of early cell death but recovered after 11 days, before exposure to AZT. During this early period, the aneuploid cells that were unfit for survival were induced to undergo death, while those that survived aneuploidy were likely to undergo tumorigenesis as a result of gaining a specific chromosome karyotype that made them resistant to AZT-induced apoptosis. Hence, the euploid cells were more sensitive to AZT-induced apoptosis (p53-Puma/ Bax/Noxa). Our data show that Puma and Bax gene expression are correlated with relevant protein expression levels in euploid cells but not in aneuploid cells. Whether the process of translation is disrupted or the apoptotic pathway differs between aneuploid and euploid cells remains unknown.
Taken together, our data indicate that hTERT gene expression and telomerase activity are higher in aneuploid cells than in euploid cells. Both apoptosis (indicated by the p53-Puma/ Bax/Noxa pathway) and cell cycle arrest (indicated by the p53-p21 pathway) were involved in AZT-induced cell death in both aneuploid and euploid cells. The apoptotic pathway in aneuploid cells requires additional study.
